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constraints imposed by interhelical interactions in condensation compromise the observation of the mechanism by which B
and A base-stacking modes influence the global state of the molecule. We used a single-molecule approach to prevent aggre-
gation and mechanical force to control the intramolecular chain association involved in condensation. Force-extension experi-
ments with optical tweezers revealed that DNA stretches as B-DNA under ethanol and spermine concentrations that favor the
A-form. Moreover, we found no contour-length change compatible with a cooperative transition between the A and B forms
within the intrinsic-force regime. Experiments performed at constant force in the entropic-force regime with magnetic tweezers
similarly did not show a bistable contraction of the molecules that could be attributed to the B-A transition when the physiological
buffer was replaced by a water-ethanol mixture. A total, stepwise collapse was found instead, which is characteristic of DNA
condensation. Therefore, a low-humidity-induced change from the B- to the A-form base-stacking alone does not lead to
a contour-length shortening. These results support a mechanism for the B-A transition in which low-humidity conditions locally
change the base-stacking arrangement and globally induce DNA condensation, an effect that may eventually stabilize a molec-
ular contour-length reduction.INTRODUCTIONDouble-stranded (ds) DNA has a significant ability to
change its structural levels of organization (1,2) from
a random-coiled polymer with polymorphic secondary
structure to general networks of fibrous aggregates (3),
which can lead to tight particles with toroidal or rodlike
geometry (4–7). This structural variability has been
observed to take place through changes in the dsDNA envi-
ronmental conditions, such as the humidity level (8–10), ion
activity (8,11,12) and temperature (13,14). Dehydration of
dsDNA by the addition of nonpolar cosolvents, such as alco-
hols, has a remarkable influence on the organization of the
polymer. In fact, the collapse of dsDNA molecules in
water-alcohol mixtures and its eventual precipitation has
been long observed (6). Specifically, low-polarity environ-
ments make DNA-solvent interactions less favorable and
promote electrostatic interactions, thus facilitating both
DNA condensation and aggregation. Physiological binding
of counterions to DNA, such as polyamines (3,15,16), has
the local effect of competing for the available water mole-
cules, thus reducing the water activity in the vicinity of
the dsDNA polymer surface (17,18) and inducing DNA
condensation (19) and stabilization of compact forms of
DNA (20,21).
DNA secondary structure and its transitions among its
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B-DNA and A-DNA (B-A transition) is characterized
locally by a change in base-stacking arrangement and glob-
ally by a reduction of the rise/basepair from the canonical
3.38 A˚ (B-DNA) to 2.56 A˚ (A-DNA) (2). The latter process
should therefore be amenable to observation in real time by
measuring the contour length of the polymer or the exten-
sion when the polymer is subjected to force. The B-A tran-
sition is experimentally induced in solution by the addition
of alcohol. Multivalent cations have also been used to
promote the B-A transition with lower critical alcohol
concentration (11), and even in aqueous solutions for appro-
priate DNA sequences (23,24). The sequence of nucleotide
bases is also implicated in DNA polymorphism (25). In
particular, it has been reported that G$C-rich regions of
dsDNA are more A-philic than A$T-rich regions, which
are resistant to adopting the A form even at very low
humidity (14,26–29). It has also been proven that the mech-
anochemical stability of particular sequences of DNA plays
a relevant role in both transcription and molecular recogni-
tion (30) and is very likely to influence transition mechanics
between different forms of DNA. The conditions that induce
the B-A transition are paradigmatically within the ranges
that also strongly induce both DNA aggregation and
condensation (3,6,19,31,32). In fact, it has been suggested
that DNA electrostatic aggregation and condensation stabi-
lize the A form by establishing lateral intermolecular and in-
tramolecular associations, respectively, between DNA
helices (29,32–36). This synergistic effect is further
enhanced in the presence of multivalent cations, whichdoi: 10.1016/j.bpj.2011.02.049
Condensation and B-A Transition in DNA 2007may subsequently help packaging processes (37,38). An
alternative view in which the B-A transition proceeds
without aggregation or condensation has also been reported
(39,40). A kinetic study reconciling the two alternatives
shows a fast initial B-A transition followed by a slower
aggregation process (41).
Here, we study the B-A transition at the single-molecule
level in water-ethanol mixtures to understand the role of
condensation/aggregation. Single-molecule experiments
give access to the global conformation of individual mole-
cules, and force allows the control of intrahelical interac-
tions. Therefore, this analysis complements the structural
information on the base-stacking modes and sheds light on
the mechanism by which B-A transition influences the
elastic properties of the polymer. We use spermine to
analyze the effect of condensing multivalent counterions
and two linearized plasmids that differ in their proportion
of G$C content to analyze the effect of sequence. After char-
acterizing the bulk secondary structure of these two plas-
mids in water-ethanol mixtures by circular dichroism
(CD), we use optical tweezers (OT) to examine the exis-
tence of a cooperative force-induced B-A transition in the
intrinsic-force regime (42,43).In this regime (force range
~3–65 pN (44)), DNA is stretched beyond its so-called
contour length, which is the length of the molecule as
derived from the number of basepairs multiplied by the
rise/basepair in the absence of stress. OT experiments
show that for the conditions that induce A-DNA in bulk,
no cooperative contour-length change relative to that of
B-DNA exists in the intrinsic-force regime. The entropic-
force regime, which entails molecular deviations due to
thermal fluctuations but without elastic extension (F ~
0–3 pN (44)), was further studied with magnetic tweezers
(MT), which allows real-time collapsing events to be
tracked in different solutions with the same molecule at
constant force (45). The analysis with MT shows that
when ethanol is present, DNA collapse is the main effect
and it drives the entire molecule to a condensed state. The
absence of a contour-length change due to the B-A transi-
tion and the role that intramolecular interactions may have
in the condensed state are discussed.MATERIALS AND METHODS
DNA samples and solutions
Two kinds of DNA molecules that differed in G$C content were used: an
~8-kbp dsDNA molecule with 48% G$C, obtained from pBACgus11
plasmid (Novagen, Darmstadt, Germany) and an ~5.7-kbp dsDNA mole-
cule with 70% G$C made from piJ702 plasmid purified from Streptomyces
(46). Circular plasmids were linearized by digestion with HindIII
(pBACgus11) and NdeI (piJ702) and purified using the Qiagen polymerase
chain reaction (PCR) purification kit (Qiagen, Venlo, The Netherlands) and
phenol, respectively. These DNA substrates were 8041 bp (pBACgus11)
and 5724 bp (piJ702) and were ready to be used in CD experiments. For
OT and MT experiments, the plasmids were cleaved with BamHI and
HindIII (pBACgus11) and BamHI and XhoI (piJ702), which gave DNAfragments of 8022 bp (pBACgus11) and 5682 bp (piJ702). Cohesive ends
were ligated to two labeled DNA handles at each end of the DNA molecule.
The DIG handle was a 400-bp PCR product made by using digoxigenin-11-
dUTP (Roche, Basel, Switzerland) and was ligated to the BamHI end of
both DNAs. The other end was labeled with two 20-bp complementary
oligos containing two biotins in the same strand at the 50 end. The biotin-
labeled end of the molecules was thus linked to the streptavidin-coated
bead by only one of the two strands, and as a result, the molecules were
torsionally unconstrained for the MT and OT experiments. Ligation was
performed with T4 DNA ligase (Roche). All restriction enzymes were
purchased from New England Biolabs (Ipswich, MA). DNA substrates
were stored in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.5).
Experiments were performed in TE buffer containing either 1 mM or
80 mM NaCl. These buffers were mixed with ethanol (R99.9% purity;
Merck, Darmstadt, Germany) to prepare either low- or high-salt buffer-
ethanol mixtures, respectively. All mixtures were sonicated before use.
Spermine tetrahydrochloride (Sigma, St. Louis, MO) was used without
further purification in stock solutions with deionized water.Methods
We used CD to analyze the secondary structure of complete linearized
plasmid DNAs and to find the conditions for which they presented the
A-form base-stacking arrangement (see Supporting Material). Force-exten-
sion experiments with single molecules were carried out with the OT. In
these experiments, contour length variations that may arise as a consequence
of a low-humidity-induced B-A structural transition were measured as
changes in DNA extension in ethanol relative to that in buffer at 20 pN,
where the largest shifts in extension are found. Constant-force experiments
were carried out with magnetic tweezers. The description of these methods
is detailed in the accompanying article (47). All experiments were carried
out at room temperature, 23 5 1C.RESULTS
Ethanol has been widely used to promote the B-A transition
in solution, because it reduces water activity around the
DNA molecules. In these conditions, CD spectroscopy is
the method most frequently used for characterizing the
different DNA base-stacking conformations and its cooper-
ative transitions (22). We first used CD to find the conditions
for which our two DNA substrates experience the B-A tran-
sition (see Supporting Material). In agreement with former
literature (8,9,48), measurements of pBACgus11 (48%
G$C) showed characteristic B-DNA CD spectra in both
buffer and buffer-ethanol mixtures at<70% ethanol concen-
tration and a characteristic A-DNA CD signal at concentra-
tions >80% (Fig. S1, A and B, in the Supporting Material).
Our previous experiments with linearized piJ702 DNA
(70% G$C) showed A-form CD spectra in aqueous solution
due to its high content of G$C basepairs (47). As expected,
the A-type CD signal of this DNA is maintained in buffer-
ethanol mixtures of decreasing water activity, because the
addition of ethanol increases the stabilization of the
A-type base-stacking (see Fig. S1, C and D). In light of
observations in the literature, we decided to investigate
whether the DNA local structural differences measured by
CD spectroscopy have a reflection in the individual but
global behavior of the molecules subjected to force.Biophysical Journal 100(8) 2006–2015
2008 Hormen˜o et al.We used OT first to characterize the force-extension
behavior of the polymer, and then MT to perform
constant-force experiments in the entropic region.Force-extension experiments with optical
tweezers
We examined with optical tweezers the existence of a coop-
erative force-induced B-A transition. dsDNA mechanically
overstretches at forces of ~65 pN, and therefore, if it takes
place at all, the B-A transition can only occur below these
forces. The mechanical response in low-humidity conditions
was determined by filling the fluid chamber with a buffer-
ethanol mixture at different ethanol concentrations.
Solutions were flowed into the chamber by means of
a fluidics system that consisted of glass microdispensers
and polyethylene tubes connected to the solution reservoirs,
as described elsewhere (42). With this method, buffers and
ethanol mixtures can be gently exchanged at a controlled
rate with a single DNA molecule remaining linked between
the beads, thus allowing experiments in different solutionsFIGURE 1 Force-extension characterization of DNA in ethanolic solutions b
procedure. OT are used to trap one microsphere and measure the forces acting
a measurement (left), a single DNA molecule is stretched in buffer by movin
Then, initial buffer is gently exchanged at a controlled rate by a buffer-ethanol m
is maintained at an extension near its contour length to prevent strong condensa
stretched in the ethanolic solution (right), so the mechanical response in low-hum
of pBACgus11 (B) and piJ702 (C) in the presence of ethanol. An individual d
(black line) with subsequent cycles (red and blue lines) performed in a mixture
in the same color. Pulling speed, 500 nm/s.
Biophysical Journal 100(8) 2006–2015with the same molecule. A dramatic defocusing of the laser
spot due to the change in refractive index was observed as
the new solution was completely refilling the chamber,
thus allowing control of the exchanging process. The force
measured by a light-momentum sensor calibrated from first
principles does not depend on the refractive index of the
solution and hence, successive refills of the fluid chamber
only require refocusing of the laser beams in the new
medium with no further recalibration of the setup (49).
Fig. 1 A outlines the experimental procedure used. We
first performed a complete stretch-relax cycle of an indi-
vidual dsDNA molecule in buffer (Fig. 1 A, left; Fig. 1, B
and C, and Fig. 2; black lines). The buffer was then replaced
by a buffer-ethanol mixture (Fig. 1 A, center). The molecule
was extended to nearly its full contour length to prevent
condensation from being triggered by the proximity of the
different helical-chain domains during the exchanging
process. A tension of ~4 pN was sufficient to keep the
DNA polymer highly oriented, and this was controlled by
separation of the beads. Once the fluidic chamber was
completely refilled with the ethanolic solution, the moleculey optical tweezers. (A) Diagram showing the phases of the experimental
on it while the other microsphere is held by a micropipette. At the start of
g the micropipette, thus registering its elastic response in aqueous buffer.
ixture (middle). During the exchanging process (10–15 min), the molecule
tion or unspecific interactions with the beads. Finally, the same molecule is
idity conditions is determined. (B and C) Force-extension characterization
sDNA molecule is first stretched and relaxed in 80 mM NaCl TE buffer
of the same buffer with 90% ethanol. Stretch and release curves are shown
FIGURE 2 Force-extension curves of pBACgus11 (A and C) and piJ702 (B and D) in the presence of spermine (A and B) and ethanol and spermine
(C and D). An individual dsDNA molecule is first stretched and relaxed in TE buffer (black line; [NaCl] and [spermine], as displayed in the legends),
with subsequent cycles (red and blue lines) performed in a mixture of the same buffer with ethanol (% concentration as displayed in the legends). Stretch
and release curves are shown in the same color. (A and B, insets) Zooms of the low-force region to show the strength of the condensation plateaus, with gray
arrows marking the stretch and relax paths. Pulling speed, 500 nm/s. spm, spermine.
Condensation and B-A Transition in DNA 2009was stretched and relaxed again (Fig. 1 A, right). This
second stretch-release cycle in a buffer-ethanol mixture is
plotted in red (Figs. 1, B and C, and 2).
The elastic behavior of individual molecules at 90%
ethanol concentration is shown in Fig. 1, B and C. In these
conditions, the CD spectrum is characteristic of A-DNA for
both substrates (see Fig. S1). However, no cooperative
force-induced B-A transition is present in either the stretch-
ing or the relaxation traces of any of the two plasmids in the
ethanolic solution. The presence of the ethanol causes
instead a strong hysteresis in the relaxation trace, which
indicates the melting of the two strands by fraying due to
the lower dielectric constant of the new solution. These
experiments represented in Fig. 1, B and C, were performed
for different ethanol concentrations from 10% to 100%
(n > 1000 molecules) with the same qualitative effects:
absence of a transition in the intrinsic-force regime and
large hysteresis area in the stretch-relax cycle due to melting
of DNA strands (data not shown). Mixtures of ethanol with
a low-salt buffer (1 mM NaCl) were also tested, with the
same results (data not shown). Note that a cooperative
change in extension from an A-form to a B-form contour
length should extend the DNA molecule by 24% in the
stretching curve (from 2.56 A˚/bp in the A-form, to3.38 A˚/bp in the B-form), which would produce a change
in extension of ~700 nm for pBACgus11 and of ~500 nm
for piJ702 plasmid, clearly within the resolution of our
OT instrument in the intrinsic-force regime (<10 nm) (49).
To analyze the structural state of the molecules in the
intrinsic-force regime in buffer-ethanol mixtures, we
measured their extension relative to that in buffer for each
molecule (Figs. 1 and 2, red and black lines, respectively).
To set a relative origin of extension for each molecule, we
gently made the beads collide at relaxation. The collision
of the bead is characterized by a sudden decay in force at
zero extension in the curves of Figs. 1 and 2 (see Fig. 1 B,
arrow). The contour length of each molecule in buffer-
ethanol mixture was then obtained by subtracting the
measured shift in extension with respect to the canonical
B-DNA contour length (3.38 A˚/bp  (number of base-
pairs)). Table 1 summarizes the rise/basepair values (l0) of
high-G$C DNA and balanced A$T/G$C DNA from these
comparative experiments. As shown in the table, the mean
rise/basepair for both DNAs in all conditions tested is
similar to that of B-DNA (3.38 A˚) and significantly different
from that of A-DNA (2.56 A˚). Finally, it is also important to
note that, at the overstretching force, the curves always dis-
played a reversible, cooperative transition to an extendedBiophysical Journal 100(8) 2006–2015
TABLE 1 Rise/basepair of DNA with different G$C content in
buffer and low-humidity conditions as determined with optical
tweezers
l0, rise/bp (A˚/bp)
Solution condition pBACgus11 (48% G$C) piJ702 (70% G$C)
Buffer* 3.385 0.07 (13) 3.385 0.15 (22)
30% EtOH 3.375 0.11 (6) 3.365 0.16 (12)
90% EtOH 3.245 0.27 (18) 3.275 0.35 (18)
60% EtOH þ 7 mM spm4þ 3.285 0.15 (9) 3.115 0.21 (14)
Results are reported as the mean 5 SD. Numbers in parentheses indicate
the population. spm, spermine.
*Mean values in buffer are assigned to the canonical B-form rise/basepair
(2), whereas the SD values in buffer are those measured from adsorbed
molecules on mica with atomic force microscopy (see accompanying article
(47)).
2010 Hormen˜o et al.form that is ~70% longer than B-DNA, as observed in all
natural DNAs to date independent of the type of DNA or
the buffer conditions used (43,44,50). Together, these data
show that DNA stretches as B-DNA for forces above the
entropic regime. The analysis of the force-extension curves
at low force reveals the effects of condensation upon the
total relaxation of the molecule (F ~ 0 pN). To show
them, we stretched again the molecules in these conditions
(Figs. 1 and 2, blue lines). At zero force, molecules are
free to condense, and these stretching curves often then
showed sudden jumps in force due to the violent release
of the polymer from the collapsing interactions (51,52).
Periodic force jumps or so-called stick-release patterns
that indicate a higher organization have been shown to
appear in the presence of polycations in aqueous solution
(51,52). Here, we find that such stick-release patterns are
also induced by high ethanol concentrations (>80%).
Fig. 2 B (blue line) shows a stick-release pattern in aqueous
buffer with spermine, i.e., in conditions similar to those used
previously (51,52). The analysis of the decondensation
peak-to-peak distance periodicity of piJ702 in ethanol,
both with and without spermine, is detailed in Fig. S2 and
was between 150 and 250 nm. This is in support of the
idea of unraveling collapsed structures, such as coiled
DNA or toroidal supercoiling, as described elsewhere
(51,52). Periodic stick-release patterns for pBACgus11 in
ethanol, however, were not so marked for the loading rate
used. This indicates that the influence of condensing intra-
molecular interactions is more significant in the presence
of a high-G$C-content DNA.
Force-extension experiments in aqueous buffer with sper-
mine (Fig. 2, A and B) reveal a plateau at entropic forces, 1–2
pN (pBACgus11) and ~3 pN (piJ702) (Fig. 2,A andB, insets).
This condensation effect is again stronger for piJ702 plasmid,
since the plateau appears at a higher force. In the presence of
60% ethanol and 7 mM spermine, the condensation effect is
more dramatic and similar for both DNAs, since the force
at the condensation plateau was ~6 pN (Fig. 2, C and D,
red lines). However, condensation plateauswere not detectedBiophysical Journal 100(8) 2006–2015for DNA in spermine-free solutions within our force resolu-
tion (0.1 pN) (see Fig. 1, B and C). In contrast to the violent
unfolding of the polymer, which generates the stick-release
pattern, the appearance of a smooth, low-force-equilibrated
condensation plateau suggests that spermine induces a finer
organization through lateral interactions between DNA
segments in the collapsed, globular structure (51,52). In light
of this interpretation, our experiments suggest that the
concerted action of low water activity and polycations in
the dsDNA molecule stabilizes a condensed structure that
exhibits a short-range organization presumably withstood
by lateral interactions between basepairs.Magnetic tweezers study of real-time
condensation dynamics
To better explore the entropic-force region in a search for
any global signature of the B-A transition, and to study
the dynamics of the condensation process, we used MT,
which in addition offers better resolution at low forces
than OT. In the experimental configuration, a single DNA
molecule is subjected to a constant force between one
bead and a glass surface (see Fig. 3 A). Standard MT exper-
iments monitor the distance between the bead and the
surface as a function of time while the buffer is being
exchanged for a buffer-ethanol mixture. In these conditions,
the effect of condensation can be measured as changes in
extension (Fig. 3 A). The event of a cooperative B-A transi-
tion should be characterized by a defined and reproducible
change in extension, certainly <24%. Our fluid system
allows relatively fast exchange of buffers, so that new buffer
conditions are achieved within seconds.
We first tethered a single pBACgus11 molecule that
contains ~50% G$C at a constant force of 3 pN. Then,
a buffer that contains a high concentration of ethanol
(90%) was introduced into the fluid chamber while the
extension of the DNA molecule was monitored in real
time (Fig. 3 B). At this force and ethanol concentration,
the extension of the DNA changed from 2.2 mm to
300 nm within ~200 s as a consequence of depletion of
water molecules by ethanol and DNA condensation. The
condensation curve showed features that we reproduced in
subsequent experiments performed under the same condi-
tions: 1), an initial slow decrease in extension punctuated
by short and discrete drops of tens of nanometers; and 2),
a gradual increase in the length of the drops ending up in
large and fast collapsing events. Our condensation data
never showed a plateau corresponding to a stable B-A tran-
sition, which should reproducibly occur for 3 pN at 1.64 mm,
according to a decrease in contour length of 24% (from
3.38 A˚/bp in B-form to 2.56 A˚/bp in A-form). The conden-
sation process was reversible upon introduction of the
original noncondensing buffer (see Fig. 3 B, arrow). In
MT experiments, the force applied to the bead acts against
condensation and favors recovering the original length of
FIGURE 3 Measurements of DNA extension under the influence of ethanol and spermine using magnetic tweezers. (A) Diagram showing the two exper-
imental approaches used. A single DNA molecule is tethered between a superparamagnetic bead at one end and a glass surface at the other end (left). DNA
extension is measured while flowing a buffer-ethanol mixture in constant-force experiments (middle) or while changing the force in the presence of ethanol
(right). (B–E) Real-time tracking of pBACgus11 extension (upper row) and piJ702 extension (lower row) in the presence of ethanol and/or spermine, showing
the extension of the molecule (lower) as well as the force acting on it as a function of time (upper). Blue lines indicate the expected DNA extension free of
condensing agents for each force. Average over 20 data points are shown as black traces. [NaCl], [spermine], and % ethanol are displayed in the legends. spm,
spermine.
Condensation and B-A Transition in DNA 2011the DNA when the condensing buffer is exchanged. As
a consequence, the speed of condensation was found to be
quite dependent on the applied force. Fig. 3 B clearly shows
how the original length of the DNA is recovered within
seconds in contrast with the condensation process, which
took hundreds of seconds.We next studied whether DNA could be decondensed
upon the action of force. From previous experiments, we
found that the condensing force under high ethanol concen-
tration was larger than that applied by the magnets. There-
fore, to decrease the condensing force, we decided to use
a much lower concentration of ethanol. Fig. 3 C showsBiophysical Journal 100(8) 2006–2015
2012 Hormen˜o et al.a time trace in a buffer containing 30% ethanol. At forces
>1 pN, we could not identify any condensation effect, as
data (gray trace) overlapped with the expected length
measured in the absence of ethanol (blue line). At a force
of 0.35 pN, the bead approached the surface in a manner
similar to that observed in Fig. 3 B, with a reduction in
length of ~90%. Further decrease of the force triggered
full condensation of DNA. Then we tested whether it was
possible to revert to the full length of the DNA construct
by increasing the force. Indeed, condensation was reversible
upon increase of the pulling force; the starting length of the
DNA was obtained at 4 pN (Fig. 3 C). Similar to previous
experiments, we could not identify any stable plateau corre-
sponding to A-form DNA that could be reproduced from
molecule to molecule.
The role of base content in condensation dynamics is not
well known. Phasing of A$T dinucleotides was shown to
affect the persistence length and rigidity of DNA (53) and
our previous experiments based on CD spectra showed
that DNA with high G$C content can adopt an A-type
base-stacking arrangement. Our work (47), based on
measurements of the contour length, showed that high-
G$C-content DNA maintains the overall B-form but that
the structural differences arising from the nucleotide content
affect the persistence length of the molecule at zero force
and the stretch modulus at high forces. However, it is not
known whether high-G$C-content DNA has a tendency to
change its extension in dehydration conditions. For these
reasons, we decided to extend the work done on pBACgus11
plasmid to the piJ702 plasmid, which, as mentioned,
contains 70% G$C content, and to study curves of conden-
sation under different ethanol and spermine conditions.
High-G$C-content DNA showed a behavior similar to
that of 50%-G$C DNA under typical condensation condi-
tions. A single piJ702 DNA molecule was tethered and
kept at a constant force of 1 pN (Fig. 3 D). We then intro-
duced a buffer containing 90% ethanol and measured the
distance between bead and surface in real time (gray trace).
Traces shared features previously seen in Fig. 3 B. Conden-
sation curves with ethanol showed a gradual decrease in
extension in the beginning, as well as small drops in exten-
sion. Note that the duration of the entire condensation
process is shorter than in Fig. 3 B. This is possibly due to
the effect of the large force in Fig. 3 B that slowed down
the condensation process. As expected, condensation was
reversible upon insertion of buffer without ethanol and the
original contour length was recovered. It is interesting to
note that a similar experiment done in a buffer containing
17.5 mM spermine yielded a rather different condensation
curve (Fig. 3 D, red trace). Spermine dramatically speeded
up the condensation process and introduced large drops in
the trace. The shape of the trace, containing large drops,
suggested a different condensation mechanism if we
compared this trace with those obtained with ethanol. The
fact that spermine facilitates condensation is in agreementBiophysical Journal 100(8) 2006–2015with previous OT experiments where condensation effects
became more evident in the presence of this polyamine
(Fig. 2, B and D).
In a manner similar to that seen in Fig. 3 C, condensation
of piJ702 DNA could be favored by lowering the stretching
force or, alternatively, abolished by increasing the force
(Fig. 3 E). Under the conditions used in this experiment
(60% ethanol, 7 mM spermine), condensation stalled at
~65% of the total length at ~1 pN. Condensation resumed
by lowering the pulling force down to 0.5 pN, and the
DNA molecule collapsed, dragging the bead toward the
surface in two large steps. This process could be reverted
by increasing the force up to 2 pN. Then again, we could
not identify any stable plateau corresponding to A-form
DNA; instead, we observed the noncooperative features of
condensation.DISCUSSION
The secondary structure of DNA at low humidity and the
global helical arrangement can be influenced by the pres-
ence of condensation or aggregation. The B-A transition
stemming from a change in base-stacking arrangement
may accommodate a global change in contour-length inde-
pendent of condensation or aggregation or may proceed
with the interplay of condensation/aggregation. We used
conditions for which DNA adopts the A-form base-
stacking arrangement, as measured by CD (Fig. S1).We
then analyzed how these conditions influence the global
conformational state of DNA by using single-molecule
experiments. This approach prevented the effect of intermo-
lecular aggregation and the use of force allowed us to
control condensation. In the analysis of the force-extension
curves, if a specific base-stacking configuration could alone
promote a global helical structure, B-DNA contour length
would be expected to be favored by force, since A-DNA
possesses a shorter rise/residue (2). Therefore, a sudden
change in extension should have appeared at a critical force
in the curves. We never observed such bistability. Moreover,
the measurements revealed no contour-length values
compatible with an A-form rise/basepair.
In this regard, Fig. 4 shows a diagram of the mean rise/
basepair (l0) in comparison to published bulk data for A
and B conformational families. Contour-length changes
that arise as a consequence of low-humidity conditions
were detected by measuring the change in DNA extension
in ethanol relative to that in buffer. These measurements
were performed in the intrinsic-force regime (see Materials
and Methods) where the DNA double helix is kept highly
oriented. In these conditions, changes in extension provide
a measurement of the change in contour length. The rise/
residue data were calculated from the contour length scaled
to the number of basepairs, and it is therefore an average
rise/basepair over the molecular length. These experiments
in which the same molecule is stretched in both A- and
FIGURE 4 Diagram comparing single-molecule
measurements of the mean rise/residue to those in
bulk for B and A conformational families and their
main members: A-DNA and dsRNA belonging to
the A family and B-, C-, and D-DNA belonging
to the B family (bulk data from Saenger (2)). For
the single-molecule data (which correspond to
Table 1), vertical arrows represent average values
of at least six individual experiments (each with
a different molecule) and bar lengths represent
2SD. The rise/basepair values in buffer are as-
signed to the corresponding canonical B-form,
whereas the SD values in buffer are those measured
from adsorbed molecules on mica with atomic
force microscopy (see Hormen˜o et al. (47)).
Labeled bars represent mixtures of ethanol at 30% and 90% concentration, respectively, with 80 mM NaCl TE buffer, and mixtures of ethanol at 60% con-
centration with 1 mM NaCl TE buffer and 7 mM spermine final concentration.
Condensation and B-A Transition in DNA 2013B-stabilizing conditions and with A- and B-philic sequences
did not show any trend in mean l0. In addition, the extension
of the overstretching plateau always complied with
a length of 0.7  (B-DNA contour length) (43,44,50), inde-
pendent of the DNA substrate or buffer conditions used.
Taken together, all these data are consistent with a global
DNA structure, typical of B-form, which is not affected
overall by the local base-stacking arrangement. Some mole-
cules presented contour-length changes (significantly
shorter than that of the B-A transition) that were uniformly
distributed around the B-form contour length. These minor
changes should be understood in terms of deviations from
B-like elasticity as a consequence of the highly denaturing
conditions imposed by the ethanolic mixtures.
The force-extension curves also revealed characteristic
features of DNA condensation at low forces. We followed
the effect of ethanol on the DNA extension in real time by
using MT in constant-force mode. We confirmed that the
conditions that induce the A-type base-stacking do globally
produce condensation of the single molecule. However, we
did not find any signature of the B-A transition, which
should appear as a definite and reproducible change in
extension of the molecules. These data strengthen the idea
that the overall contour length is not affected by the specific
base-stacking arrangement (47), here induced by low
humidity, and that condensation prevails over the B-A tran-
sition in the global conformation of DNA. The fact that
a cooperative B-A shortening was obtained with aggregated
molecules under stress (12,54–57), and not at the single-
molecule level (this work and (47)), suggests that interheli-
cal interactions may stabilize a global contraction of the
molecule promoted by a B-A transition at the basepair level.
Consistent with this view, former CD measurements on
DNA restriction fragments showed that a high ethanol
concentration produces a fast B-A transition signal followed
by a slow aggregation process (41). In fact, the highly orga-
nized condensation in dehydrated DNA fibers that produce
crystalline matrices may explain an eventual reduction in
rise/basepair in x-ray diffraction measurements (2).The A-type base-stacking arrangement, although not
leading to shorter molecules, may be distorted in the pres-
ence of force, as was shown in the study of sequence-
induced A-DNA (47). Recent numerical predictions (58)
can be used to infer the force at which the A-form base-
stacking arrangement in water-ethanol mixtures should
change to B-form. The free-energy difference for the B/
A conformational transition for the Dickerson’s dodecamer
calculated by Noy et al. (58) in 85% ethanol, DGB/A(85%
EtOH) ¼ 0.8 kcal/mol, is much lower than that for B/A
in water, DGB/A (H2O) ¼ 11.4 kcal/mol. We can express
these energies in units of kBT/residue at T ¼ 25C to
compare with the energy of the thermal fluctuations:
DGB/A (H2O) ¼ 1.60 kBT/residue and DGB/A(85%
EtOH) ¼ 0.11 kBT/residue. According to these calcula-
tions, although the stability of a basepair in B-DNA with
respect to that in A-DNA in water is on the order of the
base-stacking free energies (59), the stability of a basepair
in A-DNA with respect to that in B-DNA in 85% ethanol
is well below those energies. This means that in ethanolic
conditions, A-form base-stacking is weakly stable, i.e.,
strongly subjected to thermal fluctuations. This energy esti-
mation, together with our experimental data, supports the
idea that interhelical interactions are required to reinforce
A-DNA global stability. To further discuss these calcula-
tions, we can use them to infer an approximate force for
which the A-form base-stacking is destabilized in our exper-
iments. In the presence of an external stretching force, f, the
intrinsic free energy is augmented by the work needed to
pull the bead against the external force, fDl, where Dl is
the change in the length of the molecule. The transition
should occur when the two energy terms are balanced,
provided that we approach the transition force, f*, at
a near-equilibrium loading-rate: DG þ f*Dl ¼ 0. We obtain
a transition force of f* ~ 5 pN, which is within the force
range of our measurements. According to our experiments,
we observe condensation at these forces, and therefore this
theoretical prediction agrees with phase coexistence
between condensation and A-form.Biophysical Journal 100(8) 2006–2015
2014 Hormen˜o et al.Distortions from B-type base-stacking which do not entail
significant changes in the axial direction, as that expected
for the B-A transition, may therefore be present in the
entropic-force regime at low humidity. The single-molecule
approach employed did not provide structural information at
the basepair level, i.e., it did not give access to configura-
tional deviations from the B-form base-stacking. It did,
however, measure changes in the contour length, which
represent basepair-averaged variations in the rise/basepair.
This information allowed us to conclude that a change in
local arrangement induced by ethanol does not compromise
the global state of the molecule, as represented by its B-form
contour length and elasticity.CONCLUSIONS
We studied the mechanical stability of single DNA mole-
cules in water-ethanol mixtures to investigate the interplay
of condensation in the B-A transition and in the global
conformation of the molecules. We used two DNA
substrates differing in both G$C content and base-stacking
configuration in aqueous buffer, as characterized in the
accompanying article (47). Specifically, we used a high-
G$C-content DNA with A-type base-stacking and a DNA
with balanced nucleotide composition and B-type base-
stacking. Our experiments show that a local change in
base-stacking arrangement induced by low water activity
does not lead to a global change in the contour length of
the DNA molecule, a result that is consistent with previous
measurements in which A-DNA was induced by sequence
(47). Specifically, a local B-A transition in secondary struc-
ture, as monitored by CD spectroscopy, does not promote
a decrease in length of the DNA molecule, since both OT
and MT measured typical B-form values of the mean rise/
basepair for both DNA substrates. The fact that condensa-
tion coexists with the A-form base-stacking conformation
at low water activity suggests that a global rearrangement
of the DNAmolecule through interhelical chain associations
may ultimately explain the decrease in rise/basepair
measured by x-ray crystallography (2). Specifically, our
experiments suggest that the A-form of DNA (secondary
structure) under low humidity conditions is weakly
promoted at the basepair level by its sequence (primary
structure) and environmental conditions, and that it is ulti-
mately stabilized by condensation (tertiary structure).SUPPORTING MATERIAL
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